Extensive literature in the adaptive control field uses local detection available from the traffic controller as input to various control models to adjust splits, cycle lengths, and offsets. All these models have implicit control objectives, which include facilitated progression, minimized stops, minimized delay, and equitable allocation of green time. Enormous opportunities exist to incorporate probe data into the decision process with respect to when and where adaptive control can be used and which operating objectives are most applicable to a corridor as well as to an outcome assessment tool to evaluate the effectiveness of adaptive control. The research reported in this paper compared how probe data sources could be used to identify appropriate adaptive control objectives and to assess the performance of adaptive systems. Four case studies demonstrated how travel time data could be used to evaluate existing conditions, to evaluate the outcome of a traditional signal retiming, and to assess the feasibility of adaptive control opportunities. Currently, the richest probe data sets are provided by agency-installed equipment. Given the increasing penetration of crowdsourced probe data devices and the onset of connected vehicle infrastructure, however, these sources could provide similarly rich data. This paper recommends that commercial data providers begin to develop more detailed base maps. These maps would provide richer probe data information, such as hour-by-hour statistical distributions and approach delay for signalized arterials for which the segments did not span multiple intersections. This recommendation should motivate agencies to develop more detailed specifications for probe data that will better serve their needs.
The National Transportation Operations Coalition has in recent years published a Traffic Signal Report Card (1). The most recent traffic signal grade of D+ was driven in large part by a lack of upto-date system information and an F in traffic monitoring and data collection. In fact, phone calls from the public often are the primary source of feedback.
Maintenance and the operation of signal systems require specialized technical expertise, which can be difficult for agencies with resource constraints to satisfy. Deployment of advanced control technologies can reduce staff requirements, but technology upgrades must be prioritized so that such investments can be made in areas where they are needed most. Recently, FHWA established goals as a part of its Every Day Counts initiative to incorporate adaptive control to meet the transportation demands of the 21st century (2) . Before an investment is made in advanced control technology, however, it is critical to assess how candidate corridors are operating. Such an assessment will help identify objectives best suited to the corridor and maximize the opportunity for success.
When an operational assessment of a signalized corridor is conducted, the most common form of analysis traditionally has been the floating car study. In such a study, vehicles are driven up and down the corridor to directly measure the travel time through the system. This approach is a relatively costly means to obtain a small set of data points, which covers only a brief period of time. It also does not scale for the quantification of delay on minor movements and side streets.
Probe Data
In recent years, a number of technologies have emerged to enable the collection of travel time information from traffic systems (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The probe data market is not yet mature enough to effectively measure minor movement or side street delay, except in cases of exceptionally high volume. The market has reached the point, however, where rich data sets can be obtained for arterial operations. Because of the large number of samples that can be obtained, often considerable variation occurs in the data, which requires more sophisticated analysis techniques than floating car studies. This variability is a direct consequence of the complexity of the control system and traffic patterns along a corridor with multiple entry and exit points, as well as locations where motorists make brief detours to purchase coffee or fuel.
Existing probe vehicle technologies include numerous approaches with many advantages and disadvantages. Five techniques are described below:
1. Agency-driven probe vehicles. Agency vehicles are driven through a corridor with a Global Positioning System (GPS) unit to record the expected travel times.
2. Reidentification with pavement sensors. Sensors are placed in the pavement that can detect a vehicle's magnetic fingerprint and match it to sensors placed upstream or downstream (3).
3. Reidentification with Metropolitan Affairs Coalition address matching. Bluetooth monitoring stations (BMS) are placed along a corridor to collect Metropolitan Affairs Coalition (MAC) addresses from cellular phones or GPS units. These MAC addresses can be matched from station to station, and a travel time can be calculated (4-9).
4. Crowd-sourced data. Vehicle travel times along existing base map segments are recorded and aggregated through the use of cellular phone and GPS applications. These data give a user a minute-byminute snapshot of the travel time along the segments (10, 11) . Such data became available to agencies only recently, after the private sector began to sell archived data used for real-time navigation systems.
5. Virtual probe model. This model uses event data, collected from the traffic controller at various intersections to estimate arterial travel time (12) (13) (14) . This paper presents several case studies that focus on Techniques 2, 3, and 4, above. The case studies empirically demonstrate how probe data can be used to identify the operating characteristics of an arterial, which can then help to establish operating objectives. The paper concludes with a summary of the strengths and weaknesses of various probe data collection technologies and recommends that commercial data providers develop more detailed base maps that provide richer probe data information, such as hour-by-hour statistical distributions of approach delay for signalized arterials in which the segments do not span multiple intersections.
Case stuDy 1
Identification of traffic signal Coordination opportunities
Travel times through the SR-67 test corridor in Lawrence, Indiana, ( Figure 1a) were analyzed with the use of the Wireless Magnetometer Vehicle Reidentification System (3). Nine magnetometer arrays were installed along the corridor, which created six links that could be used to evaluate signal performance in each link. Figure 1b shows the links available along SR-67.
The travel times along each link were plotted throughout a day. Figure 1c is the travel time plot for a westbound lane, between Post Road and Franklin Road, on SR-37 near Indianapolis, Indiana. The westbound direction experienced heavy congestion in the a.m. peak period as commuter traffic traveled toward downtown. In this example, the a.m. peak included three distinct travel times. In Figure 1c , Callout i represents the free-flow travel time through the segment, Callout ii represents those vehicles stopped by a signal, and Callout iii represents those vehicles stopped by multiple signals, or that have experienced a split failure at a single intersection. It is important to identify these modal groupings as opportunities for improvements that can be made to a split or an offset. Another way to view the data is through a Cumulative Frequency Diagram (CFD), shown in Figure 1d . Several properties of the CFDs relate to characteristics of travel time and travel time reliability as follows:
• The median, or the point where the CFD crosses the 0.5 line, is a reasonable measure of central tendency for many distributions.
• The range of travel time values is related to the slope of the CFD curve. A steeper slope indicates a smaller range and less variability. The range between percentiles is also an indicator of travel time reliability. The interquartile range, or the difference between the 75th and 25th percentiles, is a metric that characterizes the degree of variability without excessive influence by prominent tails in the distribution.
• Changes in slope are commonly seen in travel time distributions for signalized facilities. These bends in the CFD indicate different modal tendencies in the distribution, which is related to the prominence of stops while a vehicle traverses the route. Vehicles that are stopped at an intersection will have their travel times increased by an amount no less than the minimum amount of time needed to serve crossing movements, and often more, if the side street movements require considerable time.
Given these high-resolution data, it is easy to identify the potential to make improvements.
Comparison with Crowd-sourced Data
The deployment of sensor equipment for vehicle reidentification requires agency investments that may not always be feasible. Newer data sources are currently emerging to analyze corridor operations. A current trend is the development of crowd-sourced data, which rely on mobile electronic devices, especially cell phones, but also on GPS devices and other vehicle systems. INRIX, Inc., currently offers 1-min average travel times for predefined highway segments (traffic message channels). Unfortunately, the base maps for these data are sometimes incongruous with the boundaries of signal systems.
Crowd-sourced data also were examined for the SR-67 corridor in Lawrence, Indiana (Figure 2a ). The travel times along 3.8 mi of the corridor ( Figure 2b ) were evaluated to determine at which times during the day potential improvements could be made to or when adaptive control might have an effect on the performance of the system. The CFD concept was used to plot half-hour distributions of travel times over each hour in a weekday for a month. In Figure 2c , for example, June 2012 is plotted in half-hour distributions for the 11 a.m. hour. There should be 40 CFDs on the plot from the 20 weekdays in the month of June and two half-hour increments per hour. However, because of the low density of the crowd-sourced data on arterial streets, only 38 half-hour increments were available. As the rate of participating vehicles in crowd sourcing increases, the fidelity of these plots should increase substantially. Figure 2c shows a relatively consistent travel time distribution during the 11 a.m. hour over the month of June, with the exceptions of Callout i and Callout ii. These two thicker lines represent half hours when there was a short-term disruption, and there may exist opportunities to improve the system. By comparison, Figure 2d represents the half-hour CFDs for the 5 p.m. hour over the month of June. As expected, opportunities for improvement were far greater in the 5 p.m. hour; they are shown in the thick, red lines. Figure 2 , c and d, respectively, show examples of when adaptive changes could have a great effect and when adaptive changes might not be needed.
Case stuDy 2 assessment and Visualization of Corridor travel time reliability
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Mitthoeffer Rd Indianapolis, SR-37 is a 10-mi commuter corridor, which links Indianapolis and Bloomington, Indiana ( Figure 3 ). Figure 3 shows three ways to characterize travel-time segments with the use of various data reduction techniques. The same data set from each BMS was used for all three characterizations, but each technique told a different story. The three data reduction techniques resulted in three pieces of information, each of which could be useful, depending on the objective of the given user. The reduction techniques used were (a) origin-based travel time, (b) destination-based travel time, and (c) subsegmental travel time.
Origin-Based Travel Time
The first data reduction technique was the origin-based travel time (Figures 3a and 4a) . During the p.m. peak period from 16:00 to 19:00, the workforce from Indianapolis left the city, and the southbound traffic was quite heavy (annual average daily traffic exceeded 30,000 vehicles per day). The northernmost BMS (labeled BMS-1 in Figure 3a ) was the origin of each origin-based travel time segment. Thus a family of sequentially larger travel time segments was formed with BMS-1 to BMS-2, BMS-1 to BMS-3, BMS-1 to BMS-4, and so on. Often the current state of the practice looks only at the average travel time (perhaps with the standard deviation in rare studies) over the entire corridor. The use of averages and standard deviations to describe large sample sets dates back to a time when modern computers were not readily available, nor were databases that could handle large data sets. The distribution for each travel time segment was plotted in a cumulative distribution of the field-collected sample (Figure 4 ) rather than assuming a normal distribution and calculating a standard deviation. If only the mean for the entire segment was considered, it would be the average travel time of the distribution for BMS-1 to BMS-8. As the cumulative frequencies show, the slope generally decreased from left to right across the figure. This development corresponded to an increase in the interquartile range and suggested that the reliability of the system degraded as a vehicle progressed through the system. As Figure 4a shows, however, the cumulative frequency diagrams were not sufficient to understand the subtleties in the stochastic variation in travel time across the corridor.
Destination-Based Travel Time
The data reduction technique shown in Figure 3b is destinationbased travel time. Because the movement of concern was southbound through-traffic, most of the vehicles proceeded through the system and passed the southernmost BMS. Some cars exited the arterial north of BMS-8, and others entered the system south of BMS-1, yet it was still important to examine how the southern portion of the corridor was operational. The curves of the destination-based cumulative frequencies shown in Figure 4b look quite similar to the origin-based travel time cumulative frequencies curves shown in Figure 4a . However, as discussed in the following section, a slight anomaly is discernible between BMS-5 to BMS-8 and BMS-4 to BMS-8.
Subsegmental Travel Time or Control Delay
The third data reduction technique is the individual intersection approach delay segmentation (Figure 3c ). This method was used to examine southbound traffic on individual links within the corridor and created a series of links, including BMS-1 to BMS-2, BMS-2 to BMS-3, BMS-3 to BMS-4, and so forth. Because the length of each link varied, control delay was estimated. Control delay is the travel time less the time required to proceed through the segment at the free-flow speed. The 5th percentile was used as the free-flow speed. The 5% was used to filter outliers, which might be emergency vehicles, or other vehicles that operated above the free-flow speed. The 
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Travel Time (Minutes) travel times were converted to control delays for each subsegment, and Figure 4c shows the cumulative frequencies for each sample. The curve labeled "i" for BMS-1 to BMS-2 (which corresponds to the curve in Figure 4a , but shifted left by the 5th percentile travel time to obtain control delay) and the curve labeled "ii" for BMS-4 to BMS-5 both clearly appear as curves that should be further examined. Curve i shows the same characteristics it showed in Figure 4a . This subsegment is near the exit ramp of I-465 and random arrivals of traffic with high volume and turning movements. Curve ii is much more interesting: this curve represents a subsegment in the middle of the corridor. Recall that in the destination-based regime, the discontinuity in the slope between the 25th and 75th percentiles is an anomaly and hard to distinguish but is quite apparent in this control delay analysis (Figure 4c ). This figure shows a bimodal split of traffic, which experienced an issue with the only signal in that corridor (intersection of SR-37 and Southport Road, Figure 3 ). Although travel time might not explicitly identify the cause of the anomaly, the characteristics of this curve suggested an offset that could be improved (15) .
Commercial Probe Data
Crowd-sourced data segments for SR-37 are shown in Figure 5a . Compared with the BMSs, the commercially available crowdsourced data had somewhat coarser segmentation (i.e., seven segments with BMSs and four with crowd-sourced segments). Similar data reduction techniques, albeit with somewhat less fidelity, could be used, however, with the crowd-sourced data to evaluate the system. The control delay was plotted with the crowd-sourced data (Figure 5b) and showed similar trends when compared with the BMS data. Callout i in Figure 5b corresponds to Callout i and Callout ii in Figure 4c for which further examination is needed. The smaller segments of the BMS data allowed for better fidelity in the location of operational problems. As the fidelity of crowd-sourced data increases in response to advances in technology, however, it will serve as a substantial tool to evaluate signal system performance.
Case stuDy 3 analysis of Corridor with substantial Internal origin-Destination Patterns
A goal of this research was to help identify the characteristics of a corridor so that the most appropriate control approach could be selected. The previous example was a commuter corridor over which a substantial portion of the traffic traveled the entire length without trip chaining or stops at interim attractions for which corridor travel time might be a good metric to use. A 2-mi section of SR-26 in Lafayette, Indiana, near I-65 (Figure 6a ) was another study corridor with many attractions such as shopping centers, restaurants, gas stations, and many other opportunities for drivers to stop (trip chaining) or turn off altogether.
Nine BMSs were deployed along this corridor to examine the performance. A destination-based travel time regime was used to characterize a.m. peak period traffic headed into Lafayette (with BMS-1 as the destination case). The visual difference was sharp between the destination-based travel times for this corridor, shown in Figure 6b , compared with the distributions shown in Figure 4b . Callout i in Figure 6b shows a distinct change in the slope of the population near the median or 50th percentile. This result suggests that the faster 50% of the traffic proceeded directly through the corridor with typical travel times between the 25th and 50th percentile while more than 50% of the traffic performed nonrepresentative tasks, such as stopping for coffee, food, or gas. As traffic moved further from I-65, the portion that moved directly through the corridor became less substantial.
Length of segment
Of importance to consider was the length of the segment evaluated. If the two intersections to the east of BMS-9 were included in the through-corridor travel time, Callout i (which denoted the split in the slope) might fall below the 50th percentile. If only the average travel time was considered over the entire segment, including the two additional intersections to the east (Frontage Road and Meijer Drive), the feedback would be inaccurate (in fact, the average travel time for BMS-9 to BMS-1 might already have been an inaccurate depiction, especially if different days were considered). Although it is desirable to look at a corridor in its entirety, there may be cases in which it is more logical to look at it in smaller portions. Control delay on a per-intersection basis is appropriate for project-level troubleshooting, but a higher programming level for needs-based assessment for adaptive control may require the consideration of larger portions.
Case stuDy 4 scalable and Cost-effective techniques for use of Commercial Probe Data to Quantify benefits of traffic signal retiming
With the use of crowd-sourced data, the travel time on a commuter corridor over which most traffic proceeds directly through from endpoint to endpoint (or origin to destination) can be evaluated with the data currently available. An 8.7-mi corridor on US-31 that runs through Kokomo, Indiana ( commuter corridor that serves traffic between South Bend, Indiana, to the north and Indianapolis to the south. A signal retiming was performed during the week of April 2, 2012, and fine-tuned during the week of April 9, 2012. The week before the retiming (Week 13 of 2012) was used as the "before" period and the week after the finetuning (Week 16 of 2012) was used as the "after" period ( Figure 7a ). The northbound and southbound travel times were observed for each of the five plans (Figure 7d through m) . In all instances, the travel time was reduced. Because this study involved a through corridor, the goal to minimize the through-movement travel time was achieved. On different systems, this goal will need to be considered in connection with the side street movements, perhaps on the basis of a reduction in the overall delay at an intersection. This example showed an appropriate assessment of performance on a corridor for which the cost to retime (or to implement an adaptive control or other alternative control method) could be compared with the benefit of travel time savings for roughly 26,000 vehicles per day.
ConCLusIons
Historically, adaptive control systems (and other advanced control products) have been targeted at corridors with high volumes, perceived operational challenges, or both, but with little quantitative data available to select and prioritize operation objectives systematically. The opportunity is enormous to incorporate probe data into the decision process with respect to where and when adaptive control might be successful and as an outcome assessment tool to evaluate an adaptive control deployment. In the research reported here, four case studies were performed, which showed a range of data collection technologies that could be used to evaluate adaptive control and in the future to perform a needs-based assessment of adaptive control systems. Table 1 is a summary of the attributes and scalability of the various probe data sources discussed in the paper. Past practices that involved probe vehicles driven along a corridor provided low sample sizes, were quite costly, and did not scale well. Reidentification pavement sensors provide excellent sample sizes and travel time distributions but are expensive to scale agencywide. The MAC address-matching approach does not provide as large a sample size as pavement reidentification sensors but is somewhat more cost-effective, and the sensors are more portable. Current crowd-sourced data do not have the fidelity of pavement sensors or MAC address matching, but are cost-effective to scale deployment agencywide.
The following, concluding comments address the use of probe data to characterize arterial traffic flow characteristics:
• Emerging probe data provide an opportunity to assess where and when adaptive control or active traffic management, or both, may provide benefits. This opportunity is important, because, historically, no systematic processes have been available to make such decisions. These opportunities are apparent in Figure 2d , in Figure 4c , Callout i, and also perhaps in Figure 4c , Callout ii.
• Development of these selection processes requires more sophisticated probe data analysis techniques than medians and averages:
- Figure 4 , a and b, shows a corridor with operation characteristics that may benefit from an objective that focuses on progression.
- Figure 4c shows delay as an important element to determine problems in the system.
- Figure 6b shows a corridor with operation characteristics for which it may be more important to have objectives focus on split times or on pedestrians than on progression.
- Figure 7 shows how probe data can be used to quantify the benefits of a signal retiming.
• This paper illustrates that the richest probe data sets are developed when the distributions are developed for links that characterize either control or approach delay for every signalized intersection. This finding is important for agencies that plan to purchase commercial corridor data so that they can craft their procurement specifications appropriately.
• This paper illustrates that characterization of the observed statistical distribution of probe data can help shape which control objectives may be most appropriate for a corridor. Currently, the richest probe data sets are provided by agency-installed equipment. Given the penetration of crowd-sourced probe data devices and connected vehicles, however, it is important to anticipate how such data sources can be enhanced to provide similarly rich data. This paper recommends that commercial data providers begin to develop more detailed base maps that provide hour-by-hour control delay for signalized arterial segments in which the segments do not span multiple intersections. 
